Introduction: In different parts of the world, mutations in the GJB2 gene are associated with nonsyndromic hearing loss, and the homozygous 35delG mutation (p.Gly12Valfs*2) is a major cause of hereditary hearing loss. However, the 35delG mutation is not equally prevalent across ethnicities, making it important to study other mutations, especially in multiethnic countries such as Brazil.
Introduction
Hearing loss has a high socioeconomic impact, 1 ---3 and congenital hearing loss affects about 1/1000 children born in the United States. 4 Fifty to sixty percent of these cases have genetic origins 5, 6 and, of those, close to 70% are nonsyndromic hearing loss. 1, 7 Mutations in the GJB2 gene encoding the gap junction ␤-2 protein, connexin 26, are the most common cause of genetic nonsyndromic hearing loss in different parts of the world. 8 The most common mutation in the GJB2 gene is 35delG, which, in the homozygous state, usually results in severe to profound hearing loss. 9 However, the 35delG mutation is not equally prevalent across ethnicities. Moreover, when this deletion occurs in the heterozygous state, with monoallelic expression, the origin of hearing impairment cannot be directly attributed to this mutation. Thus, the possibility of other mutations being directly associated with hearing loss should be investigated, especially in multiethnic countries such as Brazil. 10 DNAbased sequencing of the GJB2 gene may help identify novel mutations associated with hereditary deafness.
This study aimed to identify different mutations in the GJB2 gene in patients with nonsyndromic severe to profound sensorineural hearing loss of putative genetic origin, who were negative or heterozygote for the 35delG mutation. Participating patients received treatment at the Hearing Health Clinic in Otorhinolaryngology Service in a Tertiary University Hospital in Brazil.
Methods
This study was conducted at a Tertiary University Hospital between September 2011 and August 2014, and was approved by the hospital research ethics committee (043/11). The target populations were patients at the Cochlear Implant Clinic, Otorhinolaryngology Service, with nonsyndromic severe to profound sensorineural/mixed deafness of putative genetic origin, who were negative or heterozygote for the 35delG mutation of the GJB2 gene. Patients with nonsyndromic deafness of putative genetic were those whose clinical, audiological, and imaging (computed tomography and magnetic resonance imaging) examination showed no evidence of other known causes of deafness. Patients or legal guardians who did not agree to sign the informed consent form and/or answer the study questions were excluded. All patients were enrolled for the study by the main author.
Participants' ethnicities were identified by themselves or by their legal guardians as Latin European, Non-Latin European, Jewish, Native, Turkish, Afro-American, Asian, and Others, following the classification of ethnicity of the Latin-American Collaborative Study of Congenital Malformations (ECLAMC). 11 The patient or his/her legal guardian were asked if there were other cases of deafness in the family and for the presence of consanguinity.
Of 530 patients seen at the clinic in this period, 100 fulfilled the criteria for participation in the study. All selected participants, or their legal guardians, freely signed the informed consent forms and underwent blood collection for DNA analysis. DNA was extracted from peripheral blood using PureLink TM Genomic DNA kits (Thermo Fisher Scientific, Waltham, MA, USA). After amplification and purification, the genomes were sequenced using the ABI Prism Big-Dye Terminator Cycle Sequencing Kit TM (Applied Biosystems, Foster City, CA, USA) and fragments were assembled using the Sequencing Analysis software version 3.7 (Applied Biosystems), and aligned using the CLC Sequence Viewer 6 software (CLCBio, Aarhus, Denmark) and Mutation Surveyor ® software (Softgenetics LLC., State College, PA , USA).
The nomenclature for the description of sequence variants was based on the three-letter code for amino acid sequences preceded by ''p.'', following the recommendations of the Human Genome Variation Society (HGVS). Similarly, compound heterozygous sequence variants were also described according to the HGVS nomenclature recommendations. In the case of the 35delG mutation, we opted to use the nomenclature based on nucleotide sequences because it is widely accepted. However, in the description of compound heterozygous 35delG mutations, we used the nomenclature based on amino acid sequences, i.e., p.(Gly12Valfs*2), to follow the HGVS standard nomenclature.
Pathogenicity was determined using the SIFT (Sorting Intolerant from Tolerant) and Polyphen-2 (Polymorphism Phenotyping v2) analysis tools and available information from the following databases: 1000 genomes Project, 12 Connexin-Deafness Homepage, 13 and the Deafness Variation Database of the University of Iowa. 14 The comparison of the variables between the subgroups with and without GJB2 variants was evaluated by Chi-square test.
Results
The mean age of the study participants was 14.8 years (range: 1---59 years) and 51% of participants were male. Among the 100 participants, 84 lacked the 35delG mutation, and the remaining were heterozygous for 35delG. Table 1 shows the ethnical characterization of the participants, 67% of whom reported European ancestry, while 57% indicated African descent. No participants reported Jewish, Turkish or Asian ethnicities. There was no statistically significant relationship (p = 0.35) between different ethnicities evaluated and the presence of variants of the GJB2 gene ( Table 2) .
Of 37 participants who reported a family history of hearing loss, three had a GJB2 gene variant; five reported consanguinity, of which only one had a GJB2 gene variant. As shown in Table 3 , 14 participants had GJB2 gene variants other than 35delG ---a total of nine variants ---including three patients who were heterozygote for the 35delG mutation. Of these other variants, three are pathogenic, two are non-pathogenic, three are as yet indeterminate, and one is a previously undescribed variant. The characteristics of each variant are described in Table 4 .
Discussion
Of 100 patients with severe to profound sensorineural hearing loss, 14 had one or more among nine variants in the GJB2 gene other than 35delG, including three who were heterozygote for 35delG. Three of those mutations are pathogenic, one is a previously unreported variant (p.(Ser199Glnfs*9)), and one is a previously unreported case of compound heterozygosity with 35delG, (p.[(Gly12Valfs*2)(;)[(Ser199Glnfs*9)]).
Several studies in different populations have reported the prevalence of the main GJB2 gene variants in patients with deafness. 7, 15 Our study is the first to identify GJB2 variants in an ethnically characterized, profoundly hearing impaired sample from a multiethnic Brazilian population. In addition, we detected a previously unclassified variant and one previously unreported case of compound heterozygosity.
Despite the well-known relationship between ethnicity and mutations of the GJB2 gene, 8 we did not find a statistically significant relationship between gene changes and ethnicity in the studied group. Apparently, when we split into ethnic groups, the sample size was insufficient to detect significant results.
After 35delG, the p.(Val27Ile) polymorphism was the most prevalent GJB2 variant in the study population, with a frequency of 4.0%. This variant is considered non-pathogenic and has been reported in several studies, both in normalhearing and hearing-impaired subjects. 16 17 Later, those findings were questioned and it was suggested that it might be non-pathogenic. 16,18---21 In our study population, we found one case, with profound hearing loss, of p. 24 Later, Christiani et al. (2007) 25 described a cochlear implant recipient with bilateral severe to profound sensorineural hearing loss who was also a compound heterozygote for p.[(Gly12Valfs*2)];[(Trp172*)], like the participant in our study. We genotyped the parents of the patient in our study, both of whom were normal hearing individuals, and found that one parent was heterozygote for 35delG and the other for p.(Trp172*), indicating that these variants may not be pathogenic in heterozygosity.
To date, the p.(Val167Met) variant was detected only in individuals of African ancestry, and only the homozygous form was described as pathogenic. 26---28 In our study, we detected this variant in an Afro-American male participant with congenital deafness, but in heterozygous state. Thus, either the hearing loss of this patient was caused by (unidentified) mutations in a different gene, or p.(Val167Met) is also an autosomal dominant mutation.
We detected the compound heterozygosity p.[(Val27Ile)(;) [(Arg127Leu)] in one of our subjects (n • 16). The p.(Arg127Leu) variant was first described by Tang et al. (2006) 29 in a heterozygous state in two normal-hearing subjects, one Asian and one Hispanic. However, the low number of cases of this variant thus far reported prevents a definition regarding its pathogenicity. Thus, the origin of hearing loss in case 16 in our study cannot be attributed to these variants either combined with p.(Val27Ile) or in isolation, and may have originated from alteration in another gene.
The p.(Arg75Trp) variant, found in one of our subjects, was first detected in a case of autosomal dominant hearing loss associated with palmoplantar keratoderma, which was characterized as nonsyndromic hearing loss (DFNA3). 30 However, p.(Arg75Trp) was later detected as a de novo mutation (no family history of hearing loss) in a child with bilateral impairment and in normal hearing controls, and described it as non-pathogenic. 28 Variant p.(Ile196Thr), found in one patient in compound heterozygosity with p.(Lys168Arg), is a missense variant that cause changes in the amino acid sequences of the last transmembrane domain of connexin 26, but is described as benign by the Deafness Variation Database. 12 Variant p.(Ser199Glnfs*9) is a previously unreported frameshift variant detected in two study participants, in one of them as a previously unreported case of compound heterozygosity with 35delG (p.[(Gly12Valfs*2)(;)[(Ser199Glnfs*9)]). Like p.(Ile196Thr), this variant also changes the amino acid sequences of the last transmembrane domain of connexin 26. None of the two participants with this variant had a family history of deafness or consanguinity. Another variant has been previously detected at position 199, the missense p.(Ser199Phe) variant, which is described as pathogenic in the homozygous state by the Deafness Variation Database. 12
Conclusion
The study of gene GJB2 in this multiethnic population demonstrated variants previously undescribed or rarely described. This suggests that a complete evaluation of this gene through gene sequencing, rather than just identifying mutation 35delG, should be the rule. Furthermore, new studies, investigating other genes, such as GJB6, must take place in order to identify the etiology of hearing loss of these patients.
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